jhsnact Observations have been made of the scintillation response S of a h.2cm thick anthracene crystal to photoelectrons of energy E = 6 to 30 kev produced by various characteristic K x-rays. T h e responses to "4In and 137Cs conversion electrons were also measured, and the results reduced to T h e response curve at -6 5 "~ is identical with that at 16"c, apart from a general Increase of 50°0 in S.
jhsnact Observations have been made of the scintillation response S of a h.2cm thick anthracene crystal to photoelectrons of energy E = 6 to 30 kev produced by various characteristic K x-rays. T h e responses to "4In and 137Cs conversion electrons were also measured, and the results reduced to T h e response curve at -6 5 "~ is identical with that at 16"c, apart from a general Increase of 50°0 in S.
The response to internal electrons is significantly greater than that to external electrons of the same low energy. Reasons are suggested for the divergent results reported by Robinson and Jentschke. T h e reduced response to external electrons is attributed to the escape and/or quenching of the fluorescence excitation energy at the crystal surface. These and other surface phenomena affecting the response of organic scintillators to short-range external particles are discussed. standard scale of S, and compared with other data.
The ( S , E ) curve agrees closely with that predicted theoretically.
$ 1. INTRODUCTION
11 E s ionizing radiations impinge on anthracene or other fluorescent organic crystals, part of their incident energy is converted into light, W which is emitted as normal fluorescence from the crystal. T h e scintillation response S depends on the nature and energy E of the incident ionizing particle, of range I' within the crystal. Birks (1951) has shown that the specific fluorescence dSj& may be expressed as a function of the specific energy loss dE dr, and appears to be independent of the nature of the particle. The theoretical relation
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These expressions account satisfactorily for the scintillation response of organic crystals (and also solutions) to all types and energies of incident ionizi,, e particles, except those of short range. For x-particles of 1' less than 8" dlI equivalent, the value dS/dr is, however, less than that given by (1) or (2) 1950, King and Rirks 1952) . X similar effect is observed with short-range electrons and protons (Taylor et al. 1951 ). Since both effects are associated with short. range particles it is suggested that they are due to surface phenomena, probably either surface escape of excitons or radiations (Rirks 1952 (Rirks , 1953 or quenching fluorescence excitation energy by a non-fluorescent impurity in the surface layei (King 1952) . X theory of surface escape has been formulated by Birks (1951 Birks ( , 1953 . It involves multiplying the right-hand side of (1) or (2) by a 'surface escape function '
where Ei(r/a,) is the exponential integral, and U, the mean free path of the escaping photons.
Recent observations by Wright (1955) indicate that quenching impurities are formed on the surface of anthracene crystals exposed to the atmosphere, thus causiq surface quenching.
If surface effects are operative, the scintillation response of anthracene to photoelectrons produced within the crystal by x-rays should differ from that excited by external electrons of the same energy, since in the former case surface effects are eliminated (Birks 1952 ). -1 detailed study has therefore been made of the scintillation response of anthracene to photoelectrons of 6-30 kev energ! for comparison with the external electron data of Taylor et al. (1951). -4 brief account of the preliminary results, which showed the predicted difference in response, has been published previously (Birks and Brooks 1954) . Robinson and Jentschke (1954) have subsequently reported the results of a similar investiga. tion, but showing no difference in the response to internal and external electrons T h e present paper gives a fuller account of our original and later studies. These substantiate the differences in response originally reported. Similar results hait recently been obtained by Fowler and Roos (1955) .
. . . . . A, x-ray tube ; B, scattering foil ; D, anthracene crystal ; E, cooling jacker: F, wedge filter ; G, aluminium reflector ; H, light-proof box ; I, lead shieldinel secondary characteristic fluorescence K x-rays of different elements. Foils of these elements were placed at B, directly above the crystal and in the path of a collimated beam of ' white ' x-radiation, AB. Pure metal foils (4 cm2 x 0.01 cm thick) of Fe, c u , MO, Ag and Sn were used. Powdered layers of As, I and Sro, mounted in flat black paper packets, served as 'foils' of their respective With these elements an x-ray energy range of 6 kev to 32 kev was obtained. A mechanical arrangement was used, enabling the foils to be changed or radioactive sources to be substituted, without exposing the photomultiplier to external light. During the investigation, various x-ray tubes were used as SOurce~ of ' white ' radiation, and the results were found to be independent of the tllbe used.
Other low-energy x-ray sources were also employed, as follows: (a) I n K x-rays emitted following internal conversion in l141n. Internal conversion (b) M n K x-rays emitted following K-capture in 56Fe.
The scintillations were observed with an E.M.I. type 5060 photomultiplier, selected for its low dark noise and high sensitivity. T h e crystal D and the photocathode could be cooled by refrigerants placed in the cooling jacket E. By this means the dark noise could be virtually eliminated, and the temperature dependence of S could be studied.
Voltage pulses from the photomultiplier were fed to an A.E.R.E. Model 1049 4 linear pulse amplifier. T h e pulse amplitude distribution was measured with a multi-channel photographic wedge pulse analyser (Maeder 1947) , based on the design of Rernstein et al. (1953) . This type of pulse analyser is particularly suitable for studying pulse sequences initiated by sources of fluctuating intensity. Provided the counting rate is not excessive, practically every pulse is counted. 'The only limitations on the amplitude resolution are the width of the cathode-ray tube trace and the circuit stability during the relatively short period of measurement. Ais described belo\\-, the characteristic response of the photographic film can be used to obtain a sharply defined pulse amplitude distribution.
from the source were eliminated by a Perspex absorber.
X-ray Absorption in -4nthracene
Internal photoelectrons of known energy are efficiently produced in anthracene by x-rays of energies below 20 kev since the cross section of the photoelectric absorption process in carbon (see Heitler 1949 for data) is relatively high. .It h-ray energies greater than about 22 kev however, Compton scattering becomes the main absorption process, and the photoelectric absorption declines rapidly. This places an upper limit on the photoelectron energy which can be resolved Winst the ' Compton background ', and against the background due to scattered 'Ivhite ' x-rays which, though continuous and of low intensity, are efficiently dhsorbed at low energies. The measurements indicated 30kev as the upper energy limit at Mhich a photoelectric peak could be clearly resolved with the clrrangenlent used.
Photoelectron Energy
The K, and Kg components in the characteristic fluorescence were not resolved.
A weighted mean photoelectron energy for each foil used was calculated from the following data: ( a ) the K, and Kg x-ray energies (Hodgman 1954), (b)the K, : Kg intensity ratio, which varies from 5 : 1 to 3 : 1 for the elements used (Compton and Allison 1946) 
Calibration and Test
T h e scintillation response of the anthracene crystal to external electrons of known high energy was also measured. This enabled the photoelectron measurements to be normalized to the same scale of S as that used by other observers. Internal conversion electrons from Ii4In (186 and 162 kev) and 137Cs (624kev) were used for this purpose. T h e two electron groups from 1141n u7ere not clearly resolved, but the mean pulse amplitude was observed. The ratio of the observed response to l141n and 13ics elecrrons was in agreement with the measurements of Taylor et al. (1951) , Hopkins (1950 Hopkins ( ,1951 and other observers.
T h e comparative measurement of S over the interval from 6 kev to 624ke\ electron energy involved accurate calibration of the pulse amplifier gain and the photomultiplier gain over a range of more than 100: 1. This calibration n a s performed using standard scintillation sources (i.e. mono-energetic cr-particles, or I3;Cs internal conversion electrons, on anth'racene) and comparing the mean pulse amplitudes at different gain settings. For this phase of the work, in which sources of constant intensity were used, the pulse amplitude distributions were measured with a discriminator and scaler. T h e gain calibration was shonn to be consistent by numerous cross-checks, and was found to remain stable over the whole period of the measurements. Various other instrumental tests and calibrations were also used to ensure optimum and reliable performance.
2.5. Pulse Amplitude Distribution Two typical photographs of the pulse amplitude distribution records, using ASK x-rays and S n K x-rays, are shown in figure 2 ( a ) and ( b ) respectivel!.
Figure 2 ( b ) shows the increase in low amplitude background at the higher x-ra! energies, referred to in $2.2. T h e records were obtained on 35 mm Kodah ' RIicrofile ' film, using a Zeiss Contax Camera. T h e enlargements were made on to high-contrast reflex document copying paper, and they are inverted and rotated through 90" relative to the presentation on the cathode-ray tube of the wedge analyser.
T h e use of high-contrast photographic materials gives a sharp transition from black to white, which serves as an iso-density contour or edge, from which the pulse amplitude distribution can be deduced (NIaeder 1947) . Since linear amplification is used, the pulse amplitude is proportional to the ordinate of the edge. A-, the number of pulses per unit pulse height, is related to the abscissa x of the edge by where R and N' are constants, determined by the wedge density and the camera lens aperture respectively (Brooks 1955) . Calibrations in terms of (4) !%err undertaken, and the abscissae in figure 2 are shown in units of -V. For the prese*lt studies an accurate determination of ilr was not required. .w o f .Irrthr~trcc~rrc i o o 30 /<(,I ' I'lr;~ir,r,Ic,~./~c, For each photoelectron energy E, three or four separate measurements were made at room temperature (--16"~) . In addition one measurement was madc at ;I tcmpcrature of -6 5 "~: ( t 2"c) for each energy, except for I, "'In and ""Fe.
=\t -65' c', the scintillation response to h24kev electrons increased by a factor of 1..50 relative to the response at room temperature. The response to photoelectrons from 6-30kev energy increased by the same factor. Hence the lo\\. temperature photoelectron response data were normalized in terms of the 624 kev electron response, and included with the room temperature data in obtaining the mean values of S plotted in figure 3.
1 he error limits shown in figure 3 include the probable errors from the plllse amplitudc measurements, from the instrumental calibrations, and from the normalization of t h e data, 8 4. DISCUSSION
Present Results
The data shown in figure 3 differ slightly from the preliminary results reported previously (Birks and Brooks 1954) , and to which the statistical correction (0 2.6) was applied by Wright (1954 b) . The difference is due to the inclusion of additional observations. It will be noted that the corrected response S is not proportional to the photoelectron energy E, although it is approximately liner over the energy range considered.
250.
I o Presentdata The increase in the scintillation response of anthracene by a factor of 1.3 in cooling from 1 6 "~ to -6 5 "~ agrees with previous observations (Sangster and Irvine 1956, Liebson 1952) . T h e fact that the shape of the relativr response curve is unaffected by the temperature reduction is significant. 11 j indicates that the increased efficiency at low temperatures is not due to 2 1 reduction in the primary quenching processes, responsible for the non-linear 1 response. -t I n addition there appears to be a discrepancy, with regard to the response to In '
Comparison with other Results
x-rays, between the text of the paper by Robinson and Jentschke and their figure 5. T*' plotted point S= 180 units at E = 2 8 kev would appear from the text to refer to the In F: energy which is 24.2 kev. Assuming the latter to be correct, a corrected value of S1l' !' E-24.2 kev is obtained and plotted, and it is in good agreement with the present results,
The remaining discrepancies between the present results and those of Robinson and Jentschke may be attributed to differences in experimental method and arrangement, which were notably as follows: (i) Robinson and Jentschke a single-channel pulse analyser, involving an estimated measuring period ofat least 3-4 hours. This may be compared with a period of less than 30 minutes w,th the multi-channel wedge analyser, which thus reduces errors due to instrumental instability. (ii) They needed to subtract background counts up to pulse amplitudes equivalent to E-1 5 kev. In the present measurements background nOISe \vas negligible even at E-6 key. (iii) They used a larger anthracene crystal pcm x 2 cm x 1 cm) and different x-ray sources, mainly excited by I n K x-rays from 113Sn, after the method described by Insch (1950). T h e various activities associated with l13Sn (Hollander et al. 1953) probably produced a background of secondary radiations, analogous to the ' white ' x-ray background described in 92.2. The use of a larger crystal would accentuate the sensitivity to this and to the Compton background, and would also increase the number of multiple events (Compton scattering and photoelectric absorption in cascade) detected. Due to the non-linear response of anthracene, such multiple events would give a emaller scintillation response than that due to a single photoelectric event.
It 
Specific Fluorescence and Response to Photoelectrons
The scintillation efficiency dSldE has been calculated as a function of E from tht: observed ( S , E ) values (figure 3) for photoelectrons. The specific energy loss dE/dr as a function of E has been similarly obtained from the range-energy data of Curie (1935) for electrons in standard air (all range data used refer to integrated ranges in standard air). Hence the specific fluorescence dS/dr for Photoelectrons from 6-30 kev energy has been determined as a function of dE/dr. It is found that the (dSldr, dE/dr) curves are identical for electrons and protons, \'lthin the experimental error and scope of the present and quoted measurements. rhe original hypothesis (Rirks 1951) that d S / d r is a monotonic function of dE/dr, independent of the nature of the ionizing particle (in the absence of surface effects) is thus verified for electrons and protons.
The experimental ( d S / d r , dE/dr) data are equally consistent with (I), (2) and the other formulae referred to in 0 1. T h e constants in (1) and (2) have been from the experimental response and range data, and the theoretical 'esPonse curve shown in figure 3 (solid line) has been obtained by graphical Integration.
.It higher energies the theoretical response is also in agreement with the extern,, electron response data of Taylor et al. (1951 ( ), Hopkins (1950 ( , 1951 , Robinson and Jentschke (1954) and of the present investigation ($2.4). These show a linear response for anthracene to electrons with E greater than 120 kev, which extrapolates to intersect the B axis at E=20-25 kev.
This feature of the experimental response curve is inherent in the theq, . At high electron energies, where dEldr is small, (1) or (2) may be expanded and integrated, giving
......
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E' is practically constant for E>200kev, since dE/dr is small and decreadCi with increasing E. A value of E'=24kev has been calculated from kB and tht range-energy data, and this corresponds from (5) to the intercept on the E axil of the linear portion of the ( S , E ) curve.
-4lthough the response curve ( figure 3 ) is approximately linear for low cnergi. electrons, the scintillation efficiency is less than at higher energies. .4t E = 20 kei, d S / d E = 9.0 units of S/kev, compared with dSldE = 10.4 for E > 120 key. This decrease is attributed primary quenching ptocesses as described by (1) or (21, and it is distinct from the additional surface effect encountered with external]! incident electrons.
Szrrface Efect f o r External Electrons
T h e experimental results (figure 3) show a significant difference in tnt scintillation responses to internal photoelectrons and to external electrons. It is clear that the scintillation efficiency of anthracene is reduced for electrons absorbed near the crystal surface. This surface effect might be caused by om or more of the following processes : ( a ) back-scattering of the primary electrons: ( b ) additional quenching of the fluorescence near the crystal surface, due to chemical deterioration or other modification of the surface layer ; and (c) surfact escape of photons, emitted during the scintillation process, which would othernisi be absorbed in the crystal, leading to further fluorescence emission, and thus contributing to the scintillation response.
T h e effect of back-scattering has been considered by Taylor et al. (19.31' and Butt (1952, 1953) . T h e former estimate that less than lo'), of the inciden: 1-5 kev electrons are scattered in a backward direction. T h e latter concludes that for 4-8 kev incident electrons, at least SOo< of the back-scattered electrons, which constitute approximately 10" c) of the incident beam, dissipate half the!' energy in the crystal. We have made similar calculations based on the recent data of Sternglass (1954) on the back-scattering of 1-10 kev electrons carbon, and have obtained results in agreement with Butt. It is estimated thar the maximum effect of back-scattering of the incident electrons will be to cauSr' a 4'16 reduction in the scintillation response observed by Taylor et al. (19511, This is quite inadequate to account for the magnitude of the observed surfdc' effect.
Wright (1955) has recently made measurements of the photo-fluoresce1lC' excitation spectra of anthracene crystals. These show a marked dependence of the flourescence efficiency on the depth of penetration of the exciting radiatio", he mag the escape of normal fluorescence radiation.
being less when the radiation is absorbed close to the surface. The of the effect depends on the state of the crystal surface, and appears be partly due to chemical or physical deterioration of the surface, as well as to
The surface effect has previously been attributed to the surface escape of A mean free path a, for the escaping radiations of 3 to 8/*. was found to give a reasonably consistent description ofthe external electron data of Taylor et al. (1951) and the a-particle data of King and irks (1952) . Emission and absorption processes in cascade are known to occur in anthracene in the 4000-4500 . i wavelength region (Birks and Little 1953) .
has also been suggested that similar processes may occur in the 1650-18004 wavelength region during the scintillation process (Birks 1953, 1954 a) , Hence surface escape of the normal (longer wavelength) fluorescence is t o be expected, while escape of the hypothetical primary (short wavelength) radiation is also possible. These alternatives cannot, however, be readily differentiated using the electron response data for anthracene, nor can the possible contribution of surface quenching be estimated without detailed knowledge of the crystal used br Taylor et al. (1951) . ' It is of interest to note that King and Birks (1952) have observed a surface etfect of similar magnitude and a, in anthracene, para-terphenyl and tramstilbene crystals. T h e overlap of the normal emission and absorption spectra in these last two materials is very much less than in anthracene (Birks and Wright 1954) and it is indeed negligible in para-terphenyl. Thus any surface effect associated with the escape of normal fluorescence should be much reduced in these materials, compared with anthracene, and be insignificant in the case of pa-terphenyl.
-4 similar decrease in the scintillation efficiency of terphenyl solutions, when excited by short-range a-particles of r less than 10" (equivalent from (3) to a,-lOp) has been observed by Reynolds (1952). Such solutions are highly transparent to the normal terphenyl emission. This analogous effect in liquid scintillators, which has been previously attributed to primary photon escape @irks 1953), might also be influenced by surface quenching due to absorbed oxygen (Pringle et al. 1953) .
Without a fuller knowledge of the actual experimental surfaces used in the different studies, it is not possible to assess properly the relative importance of the alternative photon escape and surface quenching processes. T h e similar dependence of dSIdr on dEldr, and the similar surface effect observed for each of the different organic crystalline and liquid scintillators studied, suggests, holyever, that common primary quenching and surface processes are operative.
6. CONCLUSIONS
as described by (3) (Birks 1952 (Birks , 1953 .
, The present investigation has clarified several matters associated with the bclntillation process in organic crystals.
(a) The scintillation response of anthracene to internal electrons can be adequately described theoretically, and that the variation of dSjdr with CtEldr for electrons and protons is independent of the nature of the particles.
(*) The relative scintillation response of anthracene to electrons of different ' "%ies is unaffected by a reduction in temperature from 1 6 "~ to -65"c, Indicating that the SOo& increase in scintillation efficiency is not due to a reduction In Primary quenching processes in the excitation column.
It has shown that :
PHYS. SOC. LXIX, 7-B Z B ater than that to external electrons of the same low energy. surface effect, probably due to the escape of photons and/or to impurity quench of the excitation energy. 
